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Abstract 
Winter wheat and summer maize double cropping systems was the main patterns in North China. Many researchers 
had studied the water consumption of winter wheat and summer maize, but the annual water consumption of that 
double cropping systems was more significantly on water-saving. Field experiments were conducted in 2009-2011 to 
study the annual water consumption characteristics using energy balance approach in North China Plain. Results 
revealed that the average ETa and water consumption rate (WCR) of the winter wheat growth season were 444.53 
mm and 1.81 mm/d respectively, and the highest value recorded for ETa and WCR were during the anthesis to 
maturity stage. The average ETa and WCR of the summer maize growing season were 358.04 mm and 3.39 mm/d 
respectively. The annual ETa and WCR were about 831.05 mm and 2.28 mm/d respectively. The ETa of winter 
wheat accounted for the largest proportion of annual ETa, followed by summer maize. The ETa of non-growing 
season was 28.48 mm, only taking the proportion by 3.43%. In short, the water consumption of winter wheat was 
more than that of summer maize, while the water consumption of winter wheat was lower than that of summer maize. 
 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
Continuous over-extraction of regional groundwater had resulted in the aquifer levels decreasing by as 
much as 1 m year−1 over a prolonged 40-year period in some areas in china [1]. Agricultral production 
took the largest consumption of water resource. In north china, winter wheat and summer maize 
consumed most of the agricultural water resource. R. Singh used Soil–water–atmosphere–plant (SWAP) 
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model and simulated ET for wheat ranging from 425 to 452 mm [2]. Liu observed seasonal ET values of 
400 to 480mm for wheat by a large scale weighing lysimeter [3]. From their 3 years of study at Luancheng 
experimental station in the North China Plain, Hong-Yong Sun reported the average ET of winter wheat 
was 426 mm [4]. Using a SVAT-crop growth model X. Moa predicted the water consumption of crop, the 
result showed seasonal ET of irrigated wheat mostly ranged from 400 to 450 mm [5]. Yan-Xue Mei 
studied the water consumption characteristics of different winter wheat cultivars at different growth stages 
in shan dong province, and reported the ETa of Jointing to maturity stage accounted for 45% to 55% of 
the total Eta [6]. X.Moa reported seasonal ETa mostly ranged from 350 to 450 mm in maize fields[5]. 
Hongyong Sun studied the seasonal water requirement of about 40 years in north china plain, the results 
showed the water requirement for summer maize was about 433 mm [7]. Researchers had conducted 
extensive research on the water consumption of winter wheat and summer mazie. But characteristics of 
the annual water consumption were not considered. The research of the annual water consumption was 
significanted on the agricultural water use and water-saving. 
2. Materials and methods 
2.1. Experimental site 
Experiments were conducted at Wuqiao agricultural experiment station (37°35′N, 116°21′E), 
one of Chinese Agricultural University. It was located at Wuqiao county of the North China Plain, and in 
a temperate semi-arid monsoon climate, with mean annual temperature of 12.6 °C and mean annual 
accumulated temperature of 4862.9°C (>0°C). Winter wheat and maize was the main crop rotation system. 
According to the traditional tillage practice, winter wheat was sown in early October, harvested in early 
or mid June next year, and summer maize was planted in mid-June and harvested at the end of September, 
from where the cycle was repeated. Annual precipitation was about 562 mm, most of which occured from 
late June to September.  
2.2. Experimental design 
The experiment was conducted from 2009-2011, containing two annual production seasons (2009-
2010 and 2010-2011). Conventional plowing tillage was done before sowing of winter wheat leaving 
straw in field, and in summer maize non-tillage seeding was conducted with the straw in the field. The 
fertilization was as regular farming. The winter wheat was sowed with sufficent soil water content in the 
two years.  
Irrigation were 60 mm for both winter wheat and summer maize but each irrigated twice and once 
respectively (table 1.)  
Table 1 the irrigation and the date of irrigation in experiments 
variation 2009-2010 2010-2011 
date 4-2 5-8 6-20 3-17 5-5 6-17 
irrigation 60mm 60mm 60mm 60mm 60mm 60mm 
2.3. Measurements 
The energy balance was determined in the field by using the Bowen ratio method [8, 9]. According to 
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the energy balance equation, the energy of net radiation (Rn) was divided into three processes:  
         Rn=LE+H+G                                                                                                                           (1) 
where Rn was the net radiation (W/m2); LE and H were the sensible and latent heat fluxes respectively 
(W/m2); G was the ground heat flux (W/m2).  
   The ground heat flux calculated as 
       G=G-0.08m+CvdzdTs/dt                                                                                                                 (2) 
where G-0.08m was the heat flux at −0.08m sensed by soil heat flux disks, dTs/dt was the change in soil 
temperature obtained from four thermocouples readings at −0.02 and −0.06 m. Cvwas the soil heat 
capacity. 
The evaportranspiration of the field was calculated by the equation: 
     ETa=LE/                                                                                                                                   (3) 
Where ETa was the evaportranspiration of the field;   was the water latent heat of evaporation, and 
the value of was 2.45Kj/kg.  
3. Results 
3.1. Water consumption characteristics of winter wheat 
The whole period of winter wheat growth was divided into five different stages. The duration of whole 
growth stage of winter wheat was slightly different in 2009-2010 and 2010-2011 with 248 days and 244 
days respectively. (Table 1). The duration was 29 days for A stage and 131 days for B stage in 2009-2010 
while that was 61 days and 82 days in 2010-2011.  
As the climate varied greatly in the winter wheat growth period, the consumption characteristics of 
water in different stages were different. The ETa in the E stage contributed to the greatest proportion of 
the total ETa over the whole growing season in both experiment years. The A stage accounted for the 
least level of ETa in 2009-2010 while the B stage for the least in 2010-2011. The ETa from Jointing to 
harvest took the proportion of total ETa about 56.19% in 2009-2010 and 62.46% in 2010-2011. Total ETa 
over the whole growing season were 438.34 mm in 2009-2010 and 450.72 mm in 2010-2011. The water 
consumption rate (WCR) was different at different growth stage. The E stage had the maximum WCR 
while the B stage for the minimum.  
Table1 The water consumption characteristics of winter wheat 
Growth stage 
2009-2010 2010-2011 
Duration(d) ETa(mm) METa(%) WCR(mm/d) Duration(d) ETa(mm) METa(%) WCR(mm/d) 
A 29 40.79 9.30 1.41 61 57.90 12.85 0.95 
B 131 95.54 21.80 0.73 82 43.59 9.67 0.53 
C 26 55.68 12.70 2.14 33 67.70 15.02 2.05 
D 24 81.94 18.69 3.41 31 111.30 24.69 3.59 
E 38 164.39 37.50 4.33 37 170.23 37.77 4.60 
whole stage 248 438.34 100.00 1.77 244 450.72 100.00 1.85 
ETa: the evapotranspiration of actual consumption (mm), METa: the model coefficient of evapotranspiration (mm), 
WCR:water consumption rate（mm/d） 
A:from sowing time to over wintering stage,B:from over wintering stage to reviving stage,C:from reviving stage to jointing 
stage,D:from jointing stage to anthesis stage,E:from anthesis stage to maturity stage. 
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The WCR of winter wheat was 1.77 mm/d in 2009-2010 and 1.85 mm/d in 2010-2011. The average 
ETa and WCR of the two winter wheat growth season were 444.53 mm and 1.81 mm/d. 
3.2. Water consumption characteristics of summer maize 
The whole summer maize growing period was divided into five different stages. The duration of 
different growth stages in summer maize was almost the same in two growing season (Table 2). The 
duration of summer maize was 104d for 2009-2010 and 107d for 2010-2011. 
The consumption characteristics of water in different stages were different. The ETa in the B, C and E 
stage contributed to the same proportion of the total Eta while the A stage for the least level of ETa. The 
highest water consumption was 93.15 mm in the C stage. The C stage had the maximum WCR while the 
E stage for the minimum. Total ETa over the whole summer maize growing season were 352.32 mm in 
2009-2010 and 363.75 mm in 2010-2011. On average during the two seasons of summer maize, Two-
thirds of the total evapotranspiration of maize occurred between the jointing stage to maturity stage. The 
WCR of summer maize was 3.39 mm/d in 2009-2010 and 3.40 mm/d in 2010-2011. The average ETa and 
WCR of the two summer maize growing season were 358.05 mm and 3.39 mm/d. 
Table2 The water consumption characteristics of summer maize 
Growth 
stage 
2009-2010 2010-2011 
Duration(d) Eta(mm) METa(%) WCR(mm/d) Duration(d) Eta(mm) METa(%) WCR(mm/d) 
A 7 26.06 7.40 3.72 8 25.82 7.10 3.23 
B 23 89.41 25.38 3.89 23 89.01 24.47 3.87 
C 23 93.15 26.44 4.05 24 92.00 25.29 3.83 
D 18 55.54 15.76 3.09 17 61.1 16.79 3.59 
E 33 88.16 25.02 2.67 35 95.9 26.35 2.74 
whole stage 104 352.32 100 3.39 107 363.75 100 3.40 
ETa: the evapotranspiration of actual consumption (mm), METa: the model coefficient of evapotranspiration (mm), 
WCR:water consumption rate（mm/d） 
A:from sowing time to emergence stage, B:from emergence stage to jointing stage, C:from jointing stage to tasseling stage, D: from 
tasseling stage to filling stage, E: from filling stage to maturity stage. 
3.3. Annual water consumption of the winter wheat and summer maize  
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Fig. 1 Daily evapotranspiration measured by the energy balance method 
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The daily evapotranspiration of actual water consumption was showed in Fig. 1. The same patterns 
were found in daily evapotranspiration for the two crops during the two years. The daily water 
consumption had significantly seasonal variation, daily evapotranspiration was relatively lowest from 
December to January and reached the highest in may.  
Table 3 The annual water consumption characteristics 
Variety 
 2009-2010  2010-2011 
Eta(mm) METa(%) mm/d Eta(mm) METa(%) mm/d 
ETa of winter wheat 438.34 53.59 1.77 450.72 53.40 1.85 
ETa of summer maize 352.32 43.07 3.39 363.75 43.09 3.40 
ETa of non-growth stage 27.33 3.34 2.10 29.63 3.51 2.12 
annual ETa 817.99 100.00 2.24 844.10 100.00 2.31 
ETa: the evapotranspiration of actual consumption (mm), METa: the model coefficient of evapotranspiration (mm), 
WCR:water consumption rate（mm/d） 
The annual water consumption was consisted by winter whea, summer maize and non-growing season 
(Table 3). The ETa of non-growing season (harvest to subsequent planting) had the lowest water 
consumption in the annual ETa, in non-growing season ETa contributed only 3.34% in 2009-2010 and 
3.51% in 2010-2011 to the annual ET. ETa of winter wheat was higher than that of summer maize, WCR 
of winter wheat was 1.77mm/d while summer maize was 3.39 mm/d in 2009-2010. In 2010-2011 growing 
season, the ETa and WCR performed the same with the 2009-2010. Combining these values with the 
growing season ETa, the average annual ETa (from planting to planting) for winter wheat and summer 
maize was 817.99 mm in 2009-2010 while it was 844.10 mm in 2010-2011.  
4. Conclusion 
Evapotranspiration was measured by energy balance method in north china plain. From the analysis of 
the ETa of winter wheat and summer maize, it was concluded that (1) The average ETa and WCR (water 
consumption rate) of the winter wheat growth season were 444.53 mm and 1.81 mm/d respectively and 
the highest value recorded for ETa and WCR were during the anthesis to maturity stage; (2) The average 
ETa and WCR of the summer maize growing season were 358.04 mm and 3.39 mm/d respectively. As 
there was more rainy weather during the late stage of summer maize, the minimum WCR of summer 
maize was from filling to maturity stage. That was different with many existed research. (3) The annual 
ETa and WCR were about 831.05 mm and 2.28 mm/d, respectively. The ETa of winter wheat accounted 
for the largest proportion of annual ETa, followed by summer maize. The non-growing season only took 
the proportion by 3.43%. The WCR of winter wheat and summer maize were 1.81mm/d and 3.39mm/d, 
respectively. The annual WCR was about 2.28mm/d. Results of this study provided useful information for 
agricultural annual water management. 
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